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Abstract 
In this paper, the direction estimation using compressive sampling (CS) method is investigated for direction finding 
(DF) multiple-input multiple-output (MIMO) radar, since the direction angles of targets can construct a sparse vector 
in the angle space. It is obvious that dividing the angle space is very important for this method. Thus, we derive the 
resolution limit, which is employed in dividing the angle space. Finally, the simulated results validate that the 
resolution limit is important to the division of angle space．
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Harbin University 
of Science and Technology 
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1. Introduction 
Multiple-input multiple-output (MIMO) radar system transmits multiple independent waveforms via 
its antennas, which is different from conventional transmit beam forming radar system that use highly 
correlated waveforms [1-5]. A MIMO radar system is advantageous in two different scenarios [4]. One is 
collocated MIMO radar scenario, and the other is distributed MIMO radar scenario. In the first one, a 
MIMO radar is equipped with tM  transmit nodes and rN  receive nodes that are close to each other 
relative to the target, so that the RCS does not vary between the different paths. In this scenario, the phase 
differences induced by transmit and receive antennas can be exploited to form a long virtual array with 
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t rM M×  elements, which enables the MIMO radar system to achieve superior spatial resolution as 
compared to traditional radar system. In the second one, the transmit antennas are located far apart from 
each other relative to their distance to the target. The MIMO radar system transmits independent probing 
signals from decorrelated transmit through different paths. So each waveform carries independent 
information about the target. Therefore, it can reduce the target radar cross sections (RCS) scintillations 
and provide spatial diversity. This paper considers the first scenario.  
Compressive sensing (CS) has received considerable attention recently, and has been applied 
successfully in diverse fields, e.g., wireless communications [6] and image processing [7]. The 
application of compressive sensing to a radar system was investigated in [8], [9] and [10]. In [8], it was 
demonstrated that the CS method can eliminate the need for match filtering at the receiver and has the 
potential to reduce the required sampling rate. In the context of Ground Penetrating radar (GPR), [9] 
presented a CS data acquisition and imaging algorithm that by exploiting the sparsity of targets in the 
spatial pace can generate sharper target space images with much less CS measurements than the standard 
back projection methods. Also the sparsity of targets in the time-frequency plane was exploited for radar 
in [10]. In the context of communication, [11] proposed the direction of arrival estimation (DOA) 
estimation using CS. In [11], the basis matrix Ψ  is formed by the discretization of the angle space. Since 
the signal sources were assumed to be unknown, the basis matrix was approximated based on the signal 
received by a reference vector. That signal would have to be sampled at a very high rate in order to 
construct a good basis matrix. In this paper, we extend the idea of [8]-[11] to the problem of DOA 
estimation for MIMO radar.  
In [12] and [13], dividing the angle space is not included in direction estimation using CS method. 
However, when the resolution limit is larger than the spacing of dividing angle, the targets can not be 
resolved essentially. Then the spacing of dividing angle should be larger than resolution limit. In this 
paper, we derive the resolution limit of DF MIMO radar system, and then employ it in the direction 
estimation via CS method. 
2. Signal Model for MIMO Radar 
Consider a MIMO radar with tM  transmit antennas and rM  receive antennas, which are located 
compactly. For simplicity, we assume that targets and antennas lie in the same plane. And we consider a 
clutter-free environment. Perfect synchronization and localization of antennas are also assumed. The 
extension to the case in which targets and nodes lie in 3-D space is straightforward. Denote the locations 
in rectangular coordinates of the -thi  transmit and receive antenna by ( ),t ti ix y  and ( ),r ri ix y , respectively. 
We assume that all transmit and receive antennas’ locations relative to some reference point are known to 
each node in the network. In a clustered system this information pattern may be achieved via a beacon 
from the cluster-head [3]. The location of the -thk  target is denoted by ( ),k kd θ , where kd  is the distance 
between this target and the origin, and kθ  is the azimuth angle, which is the unknown parameter to be 
estimated in this paper.  
Under the far-field assumption, i.e., ( ) ( )2 2t tk i id x y>> +  and ( ) ( )2 2r rk i id x y>> + , the distance 
between the -thi  transmit/receive antenna and the -thk  target /t rik ikd d  can be approximated as 
( )/ /t r t rik k i kd d η θ≈ − , where ( ) ( ) ( )/ / /cos sint r t r t ri k i k i kx yη θ θ θ= + .
Let ( )ix n  denote the discrete-time waveform transmitted by the -thi transmit antenna. Assuming the 
transmitted waveforms are narrowband and the propagation is non-dispersive, the received baseband 
signal at the -thk  target equal 
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where ( )l nε  represents independent and identically distributed (i.i.d.) Gaussian noise with variance 2σ .
Let L  denote the number of snapshots, and place ( ) , 0, , 1lz n n L= −L  in vector lΖ  we have  
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( ) ( ) ( )0 , 1 , , 1 TX x x x L= −⎡ ⎤⎣ ⎦L .
By discretizing the angle space as [ ]1, , Nα α α= L , we can rewrite (4) as 
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3. Resolution Limit for MIMO Radar 
For rationally discretizing the angle space, the resolution limit of direction finding MIMO radar 
system is used. Denote ( ) ( ) ( )1
2 2
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L as the receive steering vector. Then, this 
MIMO radar has the combined transmit-receive array manifold vector as (see [14], chapter 5) 
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where ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )1 1 1 2 1,..., , ,...,r t r Tt r t r t r t rk k k M k k k M k M kη θ η θ η θ η θ η θ η θ η θ η θ⎡ ⎤= + + + +⎣ ⎦C . Thus, the 
MIMO virtual array manifold A  can be defined as the locus of all virtual manifold vectors ( )kθa  over 
the space 0 00 ,180⎡ ⎤Θ = ⎣ ⎦ , i.e.,  
( ){ },A θ θ∀ ∈Θa� (7)
Using the resolution limit theory in [15], the resolution subspace can be expressed as 
( ) ( ){ }1,resH s sθ θ⎡ ⎤⎣ ⎦a u� (8)
where s is the arc length on the manifold curve, defined as 
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From [15], the resolution limit can be given by 
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noise ratio and L is the number of snapshots.. 
4. Compressive Sensing for MIMO Radar 
The theory of CS states that a K-sparse signal x of length N can be recovered exactly from 
( )KlogNO  measurements with high probability via linear programming. Let Ψ denotes the basis matrix 
that spans this sparse space, and Φ  a measurement matrix. The convex optimization problem arising 
from CS is formulated as follows: 
1
min ,  subject to s y x s= Φ = ΦΨ (10)
where s  is a sparse vector with K principal elements and the remaining elements can be ignored; Φ  is an 
M N×  matrix incoherent with Ψ  and <<NM .
Assuming that there are a small number of targets, the direction angles are sparse in the angle space, 
i.e., [ ]1, , Ns s s= L  is a sparse vector. A non-zero element with index j  in s  indicates that there is a 
target at the angle jα . By CS theory, we can construct basis matrix lΨ  for the -thl  antenna as  
( ) ( ) ( ) ( )1
2 2
1 , ,
r r
l l Nj j
l Ne XV e XV
π πη α η αλ λα α⎡ ⎤Ψ = ⎢ ⎥⎣ ⎦
L (11)
Ignoring the noise, we have l lz s= Ψ . Then we measure linear projections of the received signal at the 
-thl  antenna as  
l l l l lr z s= Φ = Φ Ψ (12)
where lΦ  is an M L×  random Gaussian matrix which has small correlation with lΨ . Placing the output 
of rN  receive antennas, i.e., 1, , Nr rL , in vector r , we have 
,        1 r rr s N M= Θ ≤ ≤ (13)
and the structure of Θ  can be easily inferred based on (13). Therefore, we can recover s  by applying the 
Dantzig selector to the convex problem in (14): 
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( )1ˆ min     . . <Hs s s t r s μ∞= Θ −Θ (14)
We can recover the sparse vector s  with very high probability to select ( )1 21 2logt Nμ σ−= + ,
where t  is a positive scalar[12,13].  
5. Simulation Results 
Consider a MIMO radar with tM  transmit antennas and rM  receive antennas that are uniformly 
distributed on a disk of small radius 10 mr = . 20tM =  antennas transmit independent orthogonal 
waveforms, and there is only one receive antenna, 1rM = . The carrier frequency is 3.8 GHz. The SNR is 
set to 40 dB. A maximum of 1024L =  snapshots are considered at the receive antenna, and the 
compressive samples are set to 10. The simulation results are shown in Fig. 1 and Fig. 2. 
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Fig. 1. Direction estimation of three targets using CS method with the spacing of dividing angle 01θΔ = , and the resolution 
limit 0limit 0.5θΔ =
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Fig. 2. Direction estimation of three targets using CS method with the spacing of dividing angle 00.2θΔ =  and 00.5θΔ = .The 
resolution limit 0limit 0.5θΔ =  and the three taegets’ azimuth are 0 04.4 4.6、  and 018
As shown in the Fig. 1, the spacing of dividing angle 01θΔ =  is larger than the resolution limit 
0
limit 0.5θΔ = . Three targets’ angle can be estimated using CS method exactly. In the Fig. 2(a), two target, 
on the direction angles 04.4  and 04.6 , can not be resolved whether the spacing of dividing angle is 
00.2θΔ =  or 00.5θΔ = . Because the angular separation of the two targets targetsθΔ  is 00.2 , which is 
smaller than the resolution limit 0limit 0.5θΔ = , they cannot be resolved despite the spacing of dividing 
angle 00.2θΔ =  meets the demand that targetsθ θΔ ≤ Δ . So, no matter the spacing of dividing angle is 
small enough, it is useless if limit targetsθ θΔ ≥ Δ .
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In conclusion, if targets limit
θ θΔ ≥ Δ
, the spacing of dividing angle should be satisfied 
targets limitθ θ θΔ ≥ Δ ≥ Δ .   Furthermore, if limit targetsθ θΔ ≥ Δ , the targets can not be resolved in any case. 
6. Conclusion 
A compressive sensing method using resolution limit has been proposed for direction estimate for 
MIMO radar systems. We have derived the resolution limit of DF MIMO radar system, and then 
employed it in the direction estimation via CS method. The simulated results have validated that the 
resolution limit is important to the division of angle space. 
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